chronic obstructive pulmonary disease; exercise training; skeletal muscle CHRONIC OBSTRUCTIVE PULMONARY DISEASE (COPD) is highly prevalent, and the burden of this disease is expected to increase in the coming 15-20 years. Once viewed as a disease limited to the lungs, COPD is now recognized as a multisystemic disease associated with various comorbidities, including limb muscle dysfunction (5a) . This specific comorbidity of COPD is clinically relevant. Muscle weakness and atrophy are associated with poorer survival in COPD (83, 113, 121) . Limb muscle dysfunction is also associated with susceptibility to muscle fatigue, increased perception of leg fatigue during exercise, and premature exercise termination (64, 104) . In contrast to the respiratory system, limb muscles have a remarkable plasticity in response to exercise and are, therefore, a valuable target for therapies aimed at reducing disability and, possibly, mortality in these patients. Proof of concept for this comes from the general benefits of exercise training, an essential component of pulmonary rehabilitation (87, 88) . In fact, exercise training is the most powerful intervention that is currently available to provide symptomatic relief in COPD. Despite such proven efficacy, one current challenge is to find ways of optimizing exercise training benefits and expand the ability of this intervention to improve limb muscle function, taking into account patients' characteristics and disease severity that can modulate the response to the training intervention.
This minireview will thus focus on the impact of exercise training on limb muscle function in COPD. Diverse exercise training and related training modalities will be presented, in an attempt to define in whom, when, and how each modality can be optimally used to improve skeletal muscle structure and function in COPD. Potential limitations and strategies to optimize the gains achievable with exercise training will be presented. Whether exercise training may exert deleterious effects in some patients will also be discussed.
LIMB MUSCLE DYSFUNCTION IN COPD
Limb muscle dysfunction in COPD encompasses structural and functional alterations affecting the clinical picture of the disease (5a). Historically, studies on COPD have focused predominantly on the vastus lateralis as a key representative locomotor muscle. However, the process is not exclusive to the vastus lateralis. Reduced tibialis anterior oxidative profile (51) and upper limb muscle weakness and lower endurance have been reported in patients with COPD (55) . Greater susceptibility to fatigue has also been found in calf muscles of patients with COPD (57) . Compared with lower limb muscles, the function and structure of the upper limb muscles are relatively spared in COPD.
STRUCTURAL ADAPTATIONS
Atrophy. Limb muscle atrophy is common in COPD, and it is estimated that 25% of patients present with a depleted whole body fat-free mass (FFM) (110) . A reduced FFM index can be observed as early as in Global Initiative for Obstructive Lung Disease (GOLD) I stage, although it is more frequent in severe stages of the disease (128) . The atrophying process in COPD particularly affects lower limb muscles, and biopsy studies of the vastus lateralis reveal that the cross-sectional area (CSA) of all fiber types is reduced (140) , although some argue that the type IIx fibers may be more affected (60) . Maintenance of in vitro muscle fiber contractile properties in COPD (42) implies that atrophy is mainly responsible for weakness. The mechanisms involved in the development of limb muscle atrophy are complex. Activation of the ubiquitin proteasome pathway (48, 93) and impaired satellite cell function and regenerative potential (122) are likely to be involved.
Fiber-type distribution shift. A shift in fiber-type preponderance of the quadriceps from type I to type IIx fibers is a typical feature of COPD (62, 66, 140) . In addition, the degree of fiber-type shift correlates with disease severity (62, 134) .
Metabolic alterations. Consistent with the fiber-type shift, the COPD quadriceps typically uses less effective metabolic pathways to produce ATP as the Krebs cycle and ␤-oxidation pathways are downregulated in favor of glycolytic metabolism (105) . As a result, the energy metabolism of the quadriceps is altered during exercise as evidenced by a greater glycogen utilization and lactate accumulation for a given exercise level in COPD compared with healthy controls (105, 120) . This indicates a greater reliance on glycolysis, a less efficient energetic pathway, even at low workloads. These metabolic disturbances contribute to premature muscle fatigability (106) , to increased ventilatory requirements during exercise (27) , and, as a consequence, to exercise intolerance (106) .
Capillarization defect. The capillary network is responsible for proper blood flow distribution within the muscle tissue and allows appropriate oxygen and nutrient transport to myofibers. The total number of capillaries and number of capillaries per muscle fiber are reduced in COPD (140) , although this is not a universal finding (101) . Discrepancy between studies is likely related to heterogeneity in study populations; for example, differences in training status across study participants could explain divergent conclusions regarding muscle capillarization in COPD. Also, most studies on muscle capillarization are small, and their conclusions are not necessarily generalizable. Capillary density is a likely determinant of muscle fatigue in COPD as indicated by one study reporting that reduced capillary contacts of all fiber types was associated with higher susceptibility to develop quadriceps fatigue during cycling exercise (106) .
Mitochondrial adaptations and oxidative stress production. In patients with moderate to severe COPD without cachexia or hypoxemia, the reduction in limb muscle oxidative capacity is due to a lower mitochondrial volume density rather than any specific mitochondrial respiratory abnormalities (61, 92, 99) . Studies using isolated mitochondria have suggested the presence of specific mitochondrial impairments in COPD (95, 99) . However, given the fragility of the organelles, it is possible that these abnormalities were in part due to mitochondrial damage related to the isolation procedure (92) . An increase in mitochondrial generation of reactive oxygen species is found in the COPD quadriceps when compared with age-matched healthy subjects (95, 140) . Oxidative stress in the limb muscles of patients with COPD is a relevant finding because it is associated with decreased oxidative capacity (92, 107) , premature muscle fatigue (28, 34) , muscle weakness (8, 81) , and muscle wasting (43, 55) .
FUNCTIONAL ADAPTATIONS
Muscle performance is mainly defined by strength (capacity of the muscle to develop force) and endurance (capacity of the muscle to maintain a force over time). A decrease in strength and/or in endurance is common in patients with COPD (11, 33, 45, 67) ; a 15-25% decline in upper and lower limb muscle strength is usually observed compared with age-matched controls (11, 27) . This difference in muscle strength disappears when quadriceps strength is normalized to midthigh muscle CSA (11), providing additional evidence that muscle atrophy is the main mechanism of weakness in this disease. Under certain circumstances such as chronic or repeated exposure to systemic corticosteroids, a reduction in strength that is out of proportion with the degree of atrophy may occur (11, 46) . Quadriceps fatigue, defined as a reversible postexercise reduction in muscle strength, can be documented in up to 50% of patients with COPD after cycling exercise (77, 82, 104) . Muscle fatigue after exercise is not abnormal in itself; the problem in COPD is that it occurs with greater amplitude and at much lower exercise intensities than in sedentary controls of similar age (77) . Although susceptibility to muscle fatigue has been mostly reported in the quadriceps after cycling exercise (82) , it has also been observed after walking tasks in plantiflexors and dorsiflexors of the ankle (57) .
Consequently, along with impaired lung function, patients with COPD have to deal with weaker and less fatigue-resistant muscles to perform their daily tasks. This has direct implications for exercise tolerance; premature leg fatigue (4, 58, 104) , early muscle acidosis (27, 80) , and heightened perception of leg fatigue (11, 64) are all mechanisms through which lower limb muscle dysfunction may lead to exercise intolerance in COPD. Moreover, lower muscle mass and muscle weakness are associated with other important consequences such as decreased quality of life (85), impaired functional status (11), more frequent hospitalization and utilization of healthcare resources (45) , and even premature mortality (83, 113) .
EXERCISE TRAINING IMPROVES LIMB MUSCLES IN COPD
Fortunately and contrary to lung function limitations, limb muscle dysfunction is reversible, at least partially (12, 81) . Exercise training alone or combined with other strategies such as nutritional supplementation (37) , noninvasive mechanical ventilation (NIV), and/or medication such as hormonal supplementation (26) is able to improve muscle mass (12) , strength (12, 76, 89, 90) , and endurance (78), contributing to better quality of life (69) and exercise tolerance in COPD (79) . Moreover, limb muscles are also able to respond to repeated electrical stimulations, which favor muscle anabolism, force, and endurance (129) .
Endurance exercise training. Endurance training is considered an essential component of pulmonary rehabilitation given its ability to enhance exercise capacity and to reduce dyspnea (102) . Exercise training also exerts a number of general physiological adaptations, including reductions in ventilatory requirements and in heart rate response, a more effective breathing pattern, and a lower degree of lactic acidosis at submaximal exercise intensities (27, 28) . A direct consequence of these adaptations is that patients are able to tolerate higher peak work rates and submaximal exercise loads for longer periods of time.
Endurance aerobic training improves muscle oxidative capacity (81), promotes fiber-type shift from type IIx to type I fibers (132, 136) , and increases cross-sectional areas of all fiber types in normal weight (140) and even cachectic patients with COPD (131). These adaptations have been reported in the range of COPD disease severity from GOLD II to IV stages (134) . Enhanced muscle bioenergetics with a more efficient substrate utilization (107) , enhanced mitochondrial oxidative enzyme activity, and greater capillary density have all been reported (27, 28, 81) . Upregulation of factors regulating hypertrophy (IGF-1) and regeneration (MyoD) factors have also been documented (118, 132, 138) .
Resistance exercise training. The exercise training specificity should be considered when prescribing exercise training. For example, endurance exercises are not as effective as resistance exercises to yield gain in muscle strength (90, 118, 136) . Conversely, although resistive training may improve aerobic capacity to some extent (56), the strategy is less effective than endurance training in doing so (29, 90) . Because of this, muscle endurance and resistance exercises are commonly combined in pulmonary rehabilitation (12, 90) .
Resistance exercise allows application of a localized and intense muscle training stimulus at a lower ventilatory cost, so that dyspnea is less of an issue with this training strategy, a major advantage in patients with COPD (135) . As a result, training intensity as high as 80% of maximal strength can be tolerated by patients (12, 68) . Resistance training is effective in counteracting the deleterious effects of inactivity by activating regenerative properties of the muscle tissue ensured by the satellite cells (6) . Resistance exercise upregulates the expression of various genes in muscle tissue (66) involved in the regulation of key proteins such as myosin heavy chain isoforms and myogenic regulatory factors including myogenin, MRF4, and MyoD (141) . Prolonged resistance exercise stimuli may attenuate muscle inflammation and stimulate satellite cells in patients with COPD (84) . Thus it is interesting to consider that strengthening exercise may promote limb muscle regenerative properties and the appropriate regulation of inflammation in COPD. Indeed, a coordinated inflammatory cytokine expression is required to activate and promote the development of muscle precursor cells for repair (30) . Conversely, anti-inflammatory medication during training attenuates the exerciseinduced increase in satellite cell number and may compromise the muscle remodeling associated with training (75) .
LIMITATIONS OF EXERCISE TRAINING

Suboptimal limb muscle response to training in COPD.
Unfortunately, muscle function and exercise tolerance are not unfailingly improved after a training program and, in most situations, muscle function of patients with COPD is not fully restored after exercise training. Some patients do not even show the expected benefits from exercise training (124) . Muscle response to training is heterogeneous; this is not exclusive to COPD as the training response is also highly variable in healthy individuals (19, 123) .
There is a genetic component to the heterogeneity of the training response (19, 131) . For example, polymorphism of the angiotensin-converting enzyme (ACE) gene, with the deletion of a base-pair sequence on chromosome 17, has been associated with a better preserved muscle strength in COPD (65) and possibly with a better strength response following resistance training in healthy subjects (54) . Interestingly, muscle genes associated to oxidative stress, ubiquitin proteasome, and COX pathways were only induced in patients with COPD and not in healthy subjects following aerobic training; this might indicate greater levels of tissue stress in patients with COPD than in healthy controls (100) . The precise role of such molecular responses in impeding the training response has yet to be better clarified.
Variability in the tolerance to intense training exercises may also explain the heterogeneous training response in patients with COPD as highlighted by studies showing that the extent of physiological benefits is larger in patients training at higher rather than lower intensities (27, 31, 118) . Patients with COPD experiencing dynamic hyperinflation and/or severe dyspnea during exercise are frequently unable to achieve exercise intensities that are required to stress their limb muscles to the point of fatigue (25) , an observation that may be relevant considering that the extent of the training response may be linked to the occurrence of quadriceps contractile fatigue during the training sessions (23) .
Several personal characteristics may also influence the magnitude of the training response. Age per se should not be considered as a barrier to improvement of limb muscle function following training. To the contrary, training-induced increases in muscle mass, strength, and functional status have all been reported in elderly individuals with or without COPD (18, 68) . Limb muscle adaptation to training has been reported across the range of COPD disease severity (31, 134) . Gender may influence the training response in healthy individuals (38) , but this has not been extensively studied in COPD. Hypoxemic and/or home-bound patients with COPD are not typically included in exercise training trials. In these individuals with poor tolerance to whole body exercise, aerobic training may not be the optimal training strategy. Localized resistance training and alternative strategies such as one-leg training (47) and neuromuscular stimulation may be better suited to provide an adequate training stimulus while minimizing the impact on the ventilatory system (115) . Finally, adverse effects and safety issues deserve more attention in exercise training in patients with advanced COPD.
Body composition may potentially influence the adaptability of muscle tissue to exercise training. Obesity does not appear to impact the general response to exercise training in COPD (49, 108); however, whether it influences the muscle response to training is unknown. In contrast, cachexia is a challenging condition that may modulate the capacity of exercise training to improve limb muscle function in COPD. Encouraging reports support the use of exercise training in these individuals. Muscle remodeling capacity, for example, is at least partially preserved in response to muscle training in cachectic patients with COPD (131) . However, the complexity of the mechanisms associated with muscle wasting in COPD such as energy imbalance, systemic inflammation, hypoxemia, and hormonal deficiencies (130) may limit the efficacy of exercise training in this specific COPD population (55, 97) .
COPD exacerbation is associated with deterioration in skeletal muscle function (39, 119) whereas pulmonary rehabilitation has recently been suggested to counteract the deleterious effects of exacerbation on limb muscles (22, 125) . Exercise training is apparently safe and beneficial in the course of an exacerbation (10, 96, 125) . In one study, muscle function loss was prevented and muscle anabolism was stimulated in patients with moderate-to-severe COPD who performed resistance training during acute exacerbation (125) . Because it has very little impact on cardiac and ventilatory requirements, neuromuscular electrical stimulation is also emerging as a potentially useful rehabilitation tool during COPD exacerbation (59) . However, the response of muscle tissue to exercise training during an exacerbation has not been thoroughly evaluated. For example, the possible influence of systemic inflammation during the exacerbation period may modify the ability of the muscle to respond to exercise training; this has yet to be evaluated.
An intriguing question is whether limb muscle dysfunction in COPD can be entirely explained by years of physical inactivity or whether the existence of a COPD-related myopathy could be invoked (35) . This issue is currently unresolved, and valid arguments for both points of view have been put forth. On the one hand, several features of limb muscle dysfunction in COPD resemble what is seen in deconditioning (15) . On the other hand, muscle strength and endurance are not necessarily proportional to the degree of physical activity, and differences in muscle function and structure may exist even when controlling for physical activity (35, 63, 126) . Whether a specific COPD-related myopathy could contribute to a suboptimal training response in COPD is unknown. The obvious study design to address the role of physical inactivity in the development of limb muscle dysfunction in COPD would be to match healthy individuals and patients with COPD not only for the degree of physical inactivity but also for its duration. This has yet to be accomplished. A longitudinal study of the interactions between physical activity and limb muscle structure and function over time would also be useful to inform this debate.
OPTIMIZATION OF LIMB MUSCLE EXERCISE TRAINING IN COPD
Several adjunct modalities have been proposed to improve the tolerance to training and optimize its physiological benefits. Some of these modalities will be discussed here. Other adjuncts to exercise training such as one-legged cycling (1, 14, 47) , heliox (74) , and oxygen supplementation (91) have been reviewed elsewhere.
Interval training. Interval training has been introduced as an attempt to overcome the difficulty to tolerate high-intensity and long-duration training (136) . Interval training that includes short periods of very intense exercise interspersed with periods of recuperation produces less dyspnea and leg fatigue and may therefore facilitate the tolerance to training (55, 135) while yielding similar improvements in exercise capacity and healthrelated quality of life as continuous training (9) . At the muscle level, interval training is as effective as continuous training to increase type I and II fiber cross-sectional area and improve oxidative capacity (133, 135) . Patients susceptible to dynamic hyperinflation and those with very poor exercise tolerance and reduced muscle mass could be targeted for this type of intervention (133) . Despite those interesting features of interval training, the efficacy of interval and continuous training is very similar (9) , and, as such, interval training should be viewed as an alternative training strategy that could be useful in selected patients.
Neuromuscular electrical stimulation. Neuromuscular electrical stimulation (NMES) can be used to counteract limb muscle dysfunction in patients with very severe COPD (114, 129) . One appealing feature of neuromuscular electrical stimulation is that it may help improve or maintain muscle structure with little impact on the cardiorespiratory system (115) . Improvements in muscle mass, strength, and endurance have been reported in patients with advanced COPD with this training modality (86, 129 ). An increase in type II fiber cross-sectional area with a decrease in type I fiber cross-sectional area of the quadriceps has been reported in moderately impaired patients with COPD following 6 wk of NMES training (40) . In patients with advanced COPD, NMES improved muscle cross-sectional area in association with a more favorable muscle anabolic-tocatabolic balance (129) .
NMES may be particularly useful in periods of exacerbation during which whole body exercise training may be difficult to accomplish. Giavedoni and colleagues (59) recently showed that NEMS, applied at rest on one leg, was able to improve quadriceps muscle force of that leg while loss in strength was seen in the nonstimulated leg. In another study, the application of a 6-wk NMES program in patients with COPD recovering from an acute exacerbation decreased muscle oxidative stress and improved myosin heavy chain content and the proportion of type I muscle fibers in the quadriceps (2) . Although the impact of these findings on clinical outcomes such as physical activity level is unknown, these studies nevertheless suggest that NEMS may act as a bridging intervention to prevent deterioration of muscle structure and function during COPD exacerbation.
Although muscle stimulation is a very attractive training strategy and a feasible option for muscle training in COPD, larger, prospective, randomized controlled trials are needed to precisely define which patients would better benefit from this therapy (114) . Whether NEMS is superior to low-intensity exercise in conscious patients who are able to perform voluntary muscle contractions is also questionable. NMES training may be difficult to tolerate in some patients because of the discomfort related to the stimulations (129) . One potential option to overcome this difficulty is magnetic muscle stimulation training, which may provide similar benefits on muscle function while being easier to tolerate than repeated electrical simulations (24) .
Noninvasive ventilation. Noninvasive positive pressure ventilation, applied through face or nasal masks, may unload respiratory muscles and relieve exertional dyspnea. Noninvasive ventilation (NIV) during exercise reduces the expiratory flow limitation, decreases the occurrence of dynamic hyperinflation, and lowers respiratory muscle work (4). An NIVinduced reduction in respiratory muscle perfusion along with a corresponding increase in leg blood flow and oxygenation may also contribute to increase the tolerance to high-intensity exercise (17) . Considering those physiological benefits, NIV has been proposed as an adjunct to improve tolerance to highintensity training in patients with COPD (5). Poor adherence and the difficulty of routine application of the NIV strategy may confine its use to highly selected individuals. Used as a transitional approach, this modality could allow patients to initiate training and achieve higher exercise intensities during unstable phases of the disease such as acute COPD exacerbation (50) .
Nutrition. Severe dyspnea and systemic inflammation may impair dietary intake, leading to malnutrition, particularly in advanced disease (112) . Energy imbalance may increase muscle protein breakdown in an attempt to provide essential amino acids for bodily functions; an inevitable consequence of this is reduced muscle mass. Malnutrition is associated with muscle weakness of the lower and upper extremities (52) and decreased muscle endurance leading to fatigability in malnourished patients (73) . In undernourished patients with COPD, nutritional supplementation can improve body weight and Limb Muscles Exercise Training in COPD • Ribeiro F et al. respiratory and limb muscle function (53) . Furthermore, studies have consistently reported higher mortality rates in underweight than in overweight patients with COPD, an observation arguing in favor of nutritional support therapy (20, 94, 109) . Although quality of life indexes improve after nutritional therapy in patients with COPD, it is unclear to what extent the improvement in muscle function relates to the increase in muscle mass resulting from nutritional interventions (111) . Because nutritional supplementation predominantly leads to gain in body fat (20) , combination therapy with an anabolic stimulus such as exercise training is warranted to optimize the benefits at the muscle level (37) .
Medication. Several pharmacological strategies have been considered to promote muscle mass gain in underweight patients with COPD. Testosterone supplementation and its analogs are able to improve muscle strength and mass (26, 36, 72) ; however, the impact of this treatment on functional capacity has not been confirmed (26) . The biochemical mechanism responsible for skeletal muscle growth and reinforcement is believed to rely on the activation of the IGF-I signaling cascade, a potent effector pathway involved in muscle tissue hyperplasia and/or hypertrophy (72) . Considering the longterm detrimental effects of testosterone (13) and the potential for carcinogenesis and virilization, this approach has not made it into routine clinical care. This has led to the development of pharmacological derivatives such as selective androgen receptor modulators (SARM), molecules designed to mimic testosterone properties without the side effects (3). Combining anabolic pharmacotherapy with exercise training enhances pharmacological efficiency (127) . Growth hormone and its analogs (21) , megestrol acetate (139), creatine (41), L-carnitine (16) , antioxidants (67, 70) , and vitamin D supplementation (71) , alone or in combination with exercise training, have all been tested in COPD. The efficacy of those therapies is uncertain, and additional studies are warranted. Recent advances in skeletal muscle biology are already pointing to new therapeutic targets (7) . For example, myostatin inhibitors are currently investigated in clinical trials (137) .
POTENTIAL ADVERSE EFFECTS OF MUSCLE TRAINING
An intriguing and important question is whether exercise training may be deleterious to some patients with COPD. For example, it has been suggested that aerobic training could result in higher muscle inflammation and oxidative stress (98, 103, 132) . Systemic inflammation (116) and oxidative stress (97, 98) may be worsened by exercise training, particularly in wasted patients. On the other hand, high-intensity (Ͼ60% of peak work capacity) aerobic exercise performed under both continuous and interval training modalities has been shown to enhance fiber size, modify fiber typology, and increase hypertrophy mediators (total IGF-I, MGF, and MyoD) without triggering systemic or local inflammation (TNF-␣ and IL-6) (132) . Another clinical trial showed that patients with COPD exhibiting higher oxidative stress levels at baseline were able to increase peak work rate and V O 2 as well as 6-min walked distance after high-intensity training without increasing systemic and local oxidative stress markers (103) .
Exhaustion of the muscle repair process is another potential adverse consequence of exercise training (32) . After birth, muscle mass maintenance, hypertrophy, and repair are dependent upon the replicative potential of the satellite cells (30) . Each round of replication implies a shortening of satellite cell telomeres; eventually these structures will reach a critical length at which the cell will enter an irreversible state of arrested growth and replicative senescence (44) . Considering that telomere shortening has been reported in COPD (122) , it can be argued that promoting satellite cell replication with exercise training may eventually compromise the ability of the COPD muscle cells to repair.
Despite the above considerations, the bulk of evidence suggests that exercise training is safe and beneficial for the vast majority of patients with COPD. Although it is possible that rest and acute postexercise muscle tissue inflammation could be worsened in frail patients (84) , or that cycles of muscle repair may eventually exhaust the ability of the satellite cell to replicate, the clinical implications of these findings remain uncertain, and further work is warranted in this area. In the meantime, patients with COPD should be strongly encouraged to enroll in exercise training programs since this intervention is currently recognized as the most potent to provide symptomatic relief and to improve limb muscle dysfunction in this disease.
CONCLUSION
Exercise training is safe and beneficial for the vast majority of patients with COPD and should be applied on a routine clinical basis to prevent and counteract the deleterious effects of a sedentary lifestyle. The positive impact of exercise training at the muscle level is indisputable, and there is no current rationale or evidence to justify a contraindication to exercise training in this disease, perhaps with the exception of the presence of severe and unstable comorbid conditions. Combining endurance and strength training appears to be the most valuable option to treat limb muscle dysfunction in stable patients with COPD. Moreover, adaptations of the training regimen using interval training and adjunct therapies such as neuromuscular electrical stimulation or noninvasive ventilation may allow selected patients to benefit from a training program that would not otherwise be possible in difficult situations such as exacerbation, or when comorbidities or disease severity compromise the ability of the patients to tolerate training. Although further work is necessary to understand the shortand long-term clinical benefits of these interventions and the specific population that is most likely to benefit from them, combination therapies consisting of classic and adjunct modalities should be considered as an answer to the challenge of personalizing exercise training and optimizing its benefits.
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